A promising use of biosolids is as organic fertilizer in agricultural and forestry activities. However, its composition might contain several pollutants, especially heavy metals, which may result in an increase in the concentrations of these elements in the soil and the risk of groundwater contamination. This study aimed to determine the leaching levels of ions in a Ferralsol (clayey texture) and in a Planosol (sandy texture). The experiment was conducted in a greenhouse at Embrapa Agrobiologia, Seropédica, Rio de Janeiro state. Soils were packed in PVC columns and received 2 L/column of biosolids. The concentrations of heavy metals present in the biosolids composition were below the limits established by the legislation (CONAMA 375). In addition, the performed simulations showed the absence of contamination risk of soil or groundwater and surface water, according to the limits allowed by CONAMA 375. However, it should be emphasized the potential of nitrate leaching.
INTRODUCTION
The sewage collected from residences and treated in sewage treatment station generates a by-product called sewage sludge. For its final disposal, sewage sludge must be treated aiming at reducing biodegradable solids and odors, stabilizing organic matter, reducing sludge volume and the presence of vectors. After the sludge treatment steps, it is called biosolid.
The production of sewage sludge has grown in many countries due to increase of population and improvements in the sewage collection and treatment systems (Passuello et al., 2012) . Therefore, the management of this product became an environmental problem. According to Paramashivam et al. (2017) , biosolids disposal to landfill or through incineration is waste of a resource that is rich in organic matter and plant nutrients. Biosolids are significant sources of nitrogen (N), phosphorus (P), organic matter and other elements necessary for plant nutrition (Plachá et al., 2008) . Hence this use is a more economical alternative to final disposal of biosolids, because it recycles the nutrients contained therein and collaborates with the increase of the organic matter content of the soil (Ricci et al., 2010) .
Due to its constitution predominantly organic, when incorporated into the soil, biosolid provides improvement in the state of particles aggregation, causing a decrease in the density and increase of the macro porosity, which enables its greater aeration and water retention capacity (Prado & Cunha, 2011) .
However, the biosolids can present in its composition pollutants such as heavy metals, persistent organic compounds and pathogenic organisms to man, representing a potential health and environmental risk. Thus, a greater knowledge regarding the behavior of these elements present in the biosolids from sewage sludge is of great relevance in order to guide the application of this waste safely and with benefits associated to soil quality and crops production.
AIMS
The objective of this study was to obtain information about the security level of biosolids application in forest plantations in relation to the accumulation and the leaching of heavy metals, and the leaching of nutrients with the potential of water bodies eutrophication.
MATERIAL AND METHODS

Place of study and experimental design
The study was conducted in a greenhouse at Embrapa Agrobiologia, Seropédica, Rio de Janeiro state (RJ). The biosolids were originated from sewage treatment station of Ilha do Governador, RJ. The experiment followed 2 × 1 factorial with three replications, in a completely randomized design. The factors studied were soil texture (sandy and clay soils) and dose of biosolid. In addition, the absolute control (without biosolid application) was utilized for both levels of soil texture, totalizing 12 columns.
The experimental units consisted of PVC columns of 0.1 m in diameter and 0.5 m in height ( Figure 1 ). The volume of this connection was filled with gravel nº 1 in order to facilitate the drainage of the percolated liquid and to support the soil on the plastic mesh located between the soil and the gravel. The gravel used was previously rinsed in a hydrochloric acid solution (3%) for removal of impurities.
The soil columns were filled with: a Ferralsol (Latossolo Amarelo distrófico, according to Brazilian Soil Classification System/BSCS) with clay texture, collected in the area of Cerâmica Vulcão company, located at Queimados, RJ; and a Planosol (Planossolo Háplico, according to BSCS) with sandy texture, collected in Embrapa Agrobiologia's experimental field, located at Seropédica, RJ. Both soils were sampled in layers from 0 to 0.25 m and 0.25 to 0.5 m depth.
The biosolid was mixed on the top layer (0 to 0.25 m) of the column by simulating the application into a hole of planting of approximately 8 L, which would be equivalent, for example, to a hole with approximate dimensions of 0.20 m diameter and 0.25 m height. Considering a forest planting with a density of 1250 plants/ha (for instance a planting spacing 4 m × 2 m) the quantity of biosolids applied in the columns would be equivalent to 10 m 3 /ha. After mounting, the columns were taken to the greenhouse and kept incubated for approximately 60 days before the beginning of the leaching period.
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Simulation of rain and the collection of columns leachate
Based on the volume of rain equivalent to the largest daily precipitation for the municipality of Seropédica during a period of 16 years, according to INMET, a blade of 140 mm of deionized water per saturated column was applied. Thus, fractions of 0.2 L (equivalent to 23.3 mm) were applied at intervals of 2 hours for 12 hours, which resulted in a total of 1.2 L. After 24 hours of the first application of water, 0.2 L of water were applied again and so forth, every 24 hours for 45 days. After each addition of water to the columns, the leachate was collected in container flasks of 0.25 L and stored in tubes type Falcon of 0.05 L at 20 °C until analysis.
Chemical analysis of the leachate
The leachate samples were analyzed regarding the anion's contents (nitrate and phosphate), metals (silver, arsenic, barium, boron, cadmium, cobalt, chromium, copper, iron, manganese, nickel, lead, selenium and zinc) , in addition to aluminum, antimony and vanadium.
The analyses were performed by the Laboratory of Quality Control Management of Water -GCQ of Nova CEDAE. The concentrations of anions were determined by ion chromatography and the concentrations of metals by ICP/OES method.
Maximum load of biosolids application
The CONAMA Resolution nº 375 establishes the theoretical cumulative load permitted of inorganic substances by application of sewage sludge or derivative product. To obtain the maximum load of biosolids specific to each metal, the Equation (1) below was used: 
Where: CMBi is the maximum load of biosolids to the metal i in Mg/ha; CATi is the theoretical accumulated charge to the metal i defined in the legislation; and CBi is the concentration of the metal i in the biosolids used in the study.
Analysis of the soil contamination risk
The contamination risk was evaluated taking as reference the research value for metals allowed in agricultural soil, according to CONAMA (2009) Resolution nº 420/2009. It was considered the concentration of metals accumulated in the soil (mg/kg) as being the difference between the added quantity through biosolids and the total leached by application of 1.2 m of water blade, a higher precipitation for the municipality of Seropédica. The obtained value corresponded to the concentration of metal accumulated in the soil being expressed in concentration in the planting hole and per ha. The concentration of metal per ha was obtained by calculating the ratio between the total contents of metal accumulated in 1 ha (10 m 3 of biosolids) and the mass of upper soil layers, i.e., 2 × 10 6 kg of soil (0 to 0.2 m, apparent density of 1 g/dm -3 ), according to the Equation (2) below:
Where: CMSi is the concentration of metal i expected in the soil in mg/kg; QBi is the quantity of metal i in 10 m 3 of biosolids; QLi is the quantity of metal i leached in 1 ha in mg/ha; and 2 × 10 6 is the mass of upper soil layer in 1 ha (kg/ha). The risk assessment was then performed by comparing the CMSi of each metal with the respective limits established in the CONAMA Resolution nº 420/2009.
Analysis of the groundwater contamination risk
The analysis of the groundwater contamination risk was based on the limits of metals in groundwater established in CONAMA Resolution nº 420/2009. First, the total content of metals leached in columns that received the greatest load of biosolids (2 L) were converted to content leached in 1 ha (mg/ha). Thus, it was considered that the application of 8 L per hole of 0.2 m diameter and 0.25 m depth (0.0079 m 2 projection area) and planting density of 1250 plants/ha and is therefore equivalent to the application of a load of 10 m 3 of biosolids per ha concentrated in an area of total projection of 39.3 m 2 /ha (1250 holes). The amount leached was then obtained by the Equation (3) below:
Where: QLi is the amount leached of the metal i per ha; APC is the projection area of a hole of 0.2 m diameter (m 2 ); QC is the number of holes in 1 ha; QLCi is the total amount of metal i leached in column; and ACol is the projection area of the leaching column (m 2 ).
Then it was agreed that 80% of leachable metal load in a water depth of 1.2 m (value equivalent to 1 year of precipitation in the study site) is leached in a percolated blade of water of 140 mm, equivalent to a volume of 1.4 million L/ha. Finally, the concentration of each metal in the percolated volume was obtained by dividing the contents of leached metal in 1 ha by the volume of percolated water, according to the Equation (4) below:
Where: CMASi is the concentration of the metal i expected in underground water (µg/L); QLi is the quantity of metal i leached in 1 ha (mg/ha); and VAP is the volume of percolated water (L/ha), established in this study (1.4 million L/ha). The risk assessment was then performed by comparing the CMAS of each metal with the respective limits established in the CONAMA Resolution nº 420/2009.
It should be pointed out that the estimate of CMAS ignores the previous presence of underground water. In other words, disregards a possible dilution of the percolated solution.
Analysis of the eutrophication of superficial waters
The eutrophication of superficial waters was evaluated based on the total phosphorus values indicated in the classification table of trophic state of rivers and reservoirs, according to the Modified Carlson's Trophic State Index (Cetesb, 2007) . The performed simulation had the same assumptions of the risk assessment of groundwater contamination: (1) application of 10 m 3 /ha of biosolids in 1250 holes of 0.2 m in diameter by 0.25 m deep; (2) leaching of 80% of the load of the ion PO 4 3in a water blade of 140 mm or 1.4 million L/ha. The phosphate concentration in percolated volume was obtained according to the Equation (5) below:
Where: CPAS is the phosphate concentration expected in underground water (µg/L); QP is the quantity of leached phosphate in 1 ha (mg/ha); and VAP is the volume of percolated water (L/ha), established in this study, as equivalent to one blade of water of 140 mm or 1.4 million L/ha. the biosolids produced in the ETE Ilha do Governador meets the requirements for use in agriculture. The levels of heavy metals present are very inferior compared to the restrictive for critical levels for its application in the soil (Table 1) .
According to Gonçalves et al. (2012) , studies related with successive applications of biosolids become necessary, since this practice can result in an increase in the levels of heavy metals in the soil. Consequently, it may introduce these elements in the food chain, causing contamination to animals, humans and the environment. Depending on the environmental conditions and the application rate in the soil, these elements can be leached in the soil profile, consequently contaminating groundwaters (Oliveira et al., 2010) .
Therefore, an estimate was carried out of the maximum load of biosolids that could be applied in the soil before it reaches the limits of metals predicted in the legislation. Considering the accumulated maximum load permitted in CONAMA Resolution 375/2006 in kg/ha, a maximum total load of biosolids of 732 Mg/ha could be applied, necessary to raise the content of the element arsenic in soil to its allowed limit (Table 1) . However, due to requiring a smaller amount of biosolids to achieve the critical limit (71 Mg/ha), mercury would be the pollutant of reference for defining the application limit.
Using the same reasoning, it can be concluded that it would be necessary to apply approximately 700 Mg/ha of biosolids produced in ETE/IG for reaching the limit of lead (41 kg/ha), the most restrictive element in the soil, according to the simulation presented (Table 1) . Thus, the environmental risk of using biosolids is low, considering the minimum quality requirements regarding the metals determined in the legislation. In addition, it is understood that biosolids with the same characteristics of that used in this study serve not only as a substrate for the production of forest seedlings (Caldeira et al., 2012; Cabreira et al., 2017; Abreu et al., 2017) but for restoration of degraded areas (Campos & Alves, 2008; Sampaio et al., 2012; Nobrega et al., 2017) .
A simulation of the risk of metals accumulation in the soil was also performed having as reference the CONAMA Resolution nº 420/2009, which establishes the limits of metals in the soil above which there are direct or indirect risks to human health. The results presented in Table 2 simulate the concentration of metal accumulated in the planting hole by the application of 8 L of biosolids (obtained by subtracting the concentration of each metal contained in the biosolids of ETE/IG, from the total leached per column of each metal in the treatment with 8 L of biosolids) and the metal concentration in the upper layer soil, in case 10 m 3 /ha of biosolids is applied in total area and incorporated to 0.2 m depth (obtained by subtracting the total of each metal added by the biosolids of ETE IG/ha of the total leached per column considering application of 8 L or 10 m 3 /ha, divided by the total quantity of soil contained in the upper layer soil, up to 0.2 m in 1 ha). All the elements presented values accumulated in the soil considerably below the limits required by the legislation, both for values of prevention and research. Thus, there is low potential of contamination by the accumulation of these elements in the soil.
Environmental risk: underground water
Considering the worst-case scenario, where there is no absorption by plants and nor the dilution of these elements in larger volumes of underground water, no heavy metal was detected in the leached material above the intervention values determined by CONAMA Resolution nº 420/2009 (Table 3) .
Studies on the movement of heavy metals in soils treated with biosolids suggest that the number of leachates may be substantially higher in soils with low levels of organic matter and subject to intense rains (Bertoncini & Mattiazzo, 1999) . The results obtained contradict those studies, since in general the leaching of metals was similar between the soils with sandy and clayey texture (Table 2 ). In fact, the only leached metals in relatively high percentages in relation to the added quantity via biosolids were manganese (~6% to 16%), selenium (~11%) and boron (~50%).
In Brazil, studies have demonstrated that the metals Cr, Cu, Ni and Pb present in biosolids have low mobility, accumulating in the soil layer where the biosolids was incorporated, information that corroborates the data of this study. Whereas Zn and especially Cd are considered relatively movable, therefore, would have the greatest potential to contaminate soil and groundwaters (Merlino et al., 2010) . The preferential retention of lead, Table 2 . Value of research for metals in agricultural soils established by CONAMA Resolution nº 420/2009, concentration of metal accumulated in the planting hole after application of 8 L of biosolids, and concentration of metal accumulated in the soil considering the application of 10 m 3 /ha of biosolids of ETE IG in total area or incorporated in the upper layer soil (0 to 0.2 m). 
Metal
7/10
Leaching of Heavy Metals in Soils Conditioned with... Floresta e Ambiente 2019; 26(Spec No 1): e20180399 in relation to cadmium, has been observed in other studies (Appel et al., 2008) . However, in this study both were little movable with the total zinc and cadmium leached in 1250 mm, ranging from 0.5 to 3% of the total added to the zinc and from 0 to 0.3% for cadmium (Table 2 ). However, the buffer effect of the soil may have acted softening these results, so a batch of biosolids containing higher content of these elements could lead to different results.
Several soil properties affect the pathway and, consequently, the availability and mobility of metals. According to Campos (2010) , the behavior of heavy metals in soil pH depends on the quantity and nature of the soil organic matter (SOM), the redox potential, the typology and amount of clay and cation exchange capacity (CEC).
Thus, it is possible to speculate that the low mobility of metals found in this study may be related to the high content of organic matter and CEC of the own biosolids. A low leaching of metals can also be related to the interaction of factors such as elevation of soil pH, presence of organic binders and calcium due to the application of biosolids and Fe and Al oxides in the soils.
The ability of interaction of SOM with metallic cations in the soil can be due to the high concentration of functional groups on the surface of organic components, which provide sites for the sorption of cations. The occurrence of these functional groupings, such as the carboxylic, phenolic, alcoholics, enolic, carbonyls and sulfhydryl groups, confer the SOM high reactivity with the metallic cations, resulting in the formation of complexes and chelates of different stability and structural characteristics (Sposito et al., 1996) . Several compounds of organic matter may affect the availability of metals, however, humic substances exert the greatest contribution in the metal's complexation. Therefore, it is understood that the organic matter added by the biosolids ends up promoting greater metals immobilization, thus reducing the levels of these in the leached substances of the soil. Reeves (1997) states that despite of being a source of metals, the sludge can also be considered as immobilizing agent of metals. Its high organic load acts as a heavy metal's controller due to the complexation and chelation reactions, reducing its mobility and availability. However, to the extent that the decomposition of organic matter occurs, it is likely that there is a sudden increase of contents available of some heavy metals, while promoting the reduction of pH and cation exchange capacity (McBride, 1995) .
Thus, a thorough study regarding the association of metallic cations with the humic fractions present in organic matter can assist in understanding the mechanisms involved in the reduction or increase of the availability of metals during the humification process.
Leaching of nitrate and phosphate anions
Nitrate
Despite the result is below the limits established by CONAMA Resolution nº 420/2009, a new application of biosolids could exceed the allowable limit making the environment contaminated (Table 3) . However, the depth of the column may have influenced these results, and it may be assumed that in a deeper soil profile these values of leachate may be reduced. Andrade et al. (2009) pointed out that the nitrate ion has a higher rate of leaching, due to not being adsorbed by components of the soil fraction, only by the roots of the plants, or even percolating to groundwaters.
According to Primavesi et al. (2006) , when NO 3 in the soil solution is not absorbed by plants or immobilized by soil microbiota, it can easily be leached, because it has a negative charge and is not adsorbed by soil colloids that have predominantly negative charges.
The absence of plant species in the leaching column may have contributed to the large amount of nitrate leachate, since this after being mineralized was not absorbed, remaining free and liable to be leached.
According to Boeira & Maximiliano (2009) , successive applications of sewage sludge can generate a cumulative process of organic nitrogen in the soil, increasing even more the risk of nitrate leaching.
In its technical manual for agricultural use of sewage sludge, the Sanitation Company of Paraná highlights nitrogen as possible limiting factor to the maximum dosage of sludge to be applied to the soil, due to the possibility of nitrate leaching, causing water table contamination (SANEPAR, 1997).
Phosphate
The eutrophication risk assessment of surface water was performed based on total phosphorus values indicated in the classification table of trophic state of rivers and reservoirs according to the Modified Carlson's Trophic State Index (CETESB, 2007) .
Considering the application of 10 m 3 /ha of biosolids, a concentration of phosphate was estimated in percolated groundwater of 175.7 and 19.0 µg/L for Planosol and Latosol soil, respectively (Table 3 ). In case this percolated water reached a superficial body of water and was diluted in a proportion of 1:10, it would be possible to estimate the eutrophication risk based on the Trophic State Classification according to the Carlson's Index (CETESB, 2007) . According to this assumption, the water from rivers or reservoirs that receive the percolated water in Planosol and Latosol would be classified as oligotrophic and ultraoligotrophic, respectively. Thus, according to this simulation there is no risk of surface waters contamination by phosphates leached of the biosolids, considering an application of 10 m 3 /ha. Kostyanovsky et al. (2011) , comparing the incorporation in deep line of two types of biosolids digested anaerobically and stabilized with lime with inorganic fertilizers, concluded that the mobility of phosphorus present in the used biosolids should not pose a risk to water quality.
However, an experiment with greater duration could be planned, aiming at the consolidation of this statement. The high content of organic matter in the composition of sewage sludge may act by decreasing the phosphorus adsorption by soil mineral colloids due to the provision of organic ions that compete with the phosphate adsorption sites (Caldeira et al., 2009) , decreasing the element fixation in the soil or substrate.
CONCLUSIONS
The biosolids of ETE Ilha do Governador complies with the quality requirements regarding heavy metals, showing no danger of soil and groundwater contamination 9/10
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The largest part of metals content added to soil through biosolids application was not leached, regardless of the type of soil, probably due to the high content of organic matter of biosolids.
The nitrate leaching, despite being below the limits required by legislation, may confer potential risk of groundwater contamination if doses above 10 m 3 /ha are applied to the soil. On the other hand, there is no risk of surface waters contamination by leachate phosphates of biosolids.
